Abstract: The significance of hepatobiliary scintigraphy (HBS) for hepatic graft function assessment was established mostly on retrospective studies and was not widely recognized due to the lack of quantitative data and variation in accuracy. This prospective study was performed to investigate the effectiveness of quantitative HBS for assessing hepatocyte dysfunction and biliary complication in liver transplant recipients.
hepatic graft function assessment was established mostly on retrospective studies and was not widely recognized due to the lack of quantitative data and variation in accuracy. This prospective study was performed to investigate the effectiveness of quantitative HBS for assessing hepatocyte dysfunction and biliary complication in liver transplant recipients.
In 57 recipients who had undergone orthotopic liver transplantation, a total of 67 dynamic 99m Tc-EHIDA scans were performed and quantitative parameters including the hepatocyte extraction fraction (HEF), time to maximum hepatic radioactivity (T max ), and time for peak activity to decrease by 50% (T 1/2 ) were calculated. The scintigraphic results based on the 3 parameters were compared against the final diagnosis. A ROC curve analysis was carried out to identify the cutoff value of T max for diagnosis of biliary stricture. Correlation between the parameters of postoperative HBS and conventional biochemical liver function indices were also analyzed.
Quantitative 99m Tc-EHIDA HBS had an overall sensitivity of 94.12% (16/17) , specificity of 93.33% (42/45), and diagnostic accuracy of 93.55% (58/62) for detecting hepatocyte dysfunction and biliary complication in liver transplant recipients. The recommended cutoff value of T max for diagnosis of post-transplant biliary stricture was set at 15.75 min with a sensitivity of 100.0% and a specificity of 94.0%. The scintigraphic parameters (HEF, T max ) were statistically significantly associated with the conventional liver function parameters.
Quantitative 99m Tc-EHIDA HBS offers a noninvasive imaging modality with high sensitivity and specificity to diagnose hepatocyte dysfunction as well as distinguish between patients with or without biliary stricture following liver transplantation. Furthermore, HEF and T max values obtained from dynamic HBS show good correlation with conventional liver function parameters.
INTRODUCTION
C urrently >6000 liver transplantations (LT) are performed per year in the United States and nearly half as many in Mainland China. 1, 2 Liver transplantation has now a generally accepted and effective treatment option for fulminant liver failure, primary liver tumors and virtually all types of endstage liver disease with 1-and 5-year overall survival rate of 82% and 71%, respectively. [3] [4] Better management of liver transplant recipients after transplantation is crucial for outcomes and will likely help graft salvage in certain cases. During the post-transplant period, and more generally, the critical period of the first year, close follow-up is required for monitoring the graft function and revealing any post-transplant complications which may lead to graft failure.
To define therapeutic strategies for transplant dysfunction patients, it is of great importance to determine the functional performance of the graft liver and biliary tract. Hepatobiliary scintigraphy (HBS) has been used as an important noninvasive imaging modality for evaluating liver function (both total and regional) and postsurgical biliary complications. Previous studies have described the utility of HBS for visual assessment of graft function and detection of biliary complications in liver transplant recipients. However, nonquantitative visual interpretation by HBS is weak in terms of evidence-based approach, and this method is also highly physician dependent. The sensitivity of visual analysis of HBS to assess post-transplant complications is reported with a wide range between 63% and 93%, and even lower at 56.2% in a recent study. [5] [6] [7] Quantitative analysis of HBS is promising for more accurate estimation of liver function and postsurgical complications. Several studies evaluated the clinical use of quantitative HBS parameters such as the hepatic uptake rate (HUR), which mainly measures blood-pool-corrected hepatic uptake, and hepatic extraction fraction (HEF) that estimates the degree of hepatocellular dysfunction. 8, 9 In a small-scale study of 10 pediatric liver transplant recipients, researchers observed that 6 recipients with abnormal scintigraphic parameters (HEF, T max , and T 1/2 ) had positive biopsy findings, including acute rejection in 1 case and hepatocyte damage/cholestasis in the other 5. 10 Although the quantitative evaluation of HBS seems to be more helpful for identifying transplant dysfunction, the efficiency of quantitative HBS that measures HEF, T max , and T 1/2 values for the diagnosis of hepatocyte dysfunction and biliary complications in liver transplant recipients are not quite clear. Moreover, there have been limited studies reporting the correlation between the data of quantitative HBS and laboratory biochemical parameters in post-transplant patients.
This prospective study was designed to assess the performance of quantitative HBS scans for monitoring graft dysfunction and biliary complication in patients who had undergone orthotopic liver transplantation (OLT). The correlations between data of scintigraphic and biochemical parameters after transplantation were also evaluated. Long-term objective of this study is to eventually facilitate quantitative HBS as a simple and efficient method for post-transplant evaluation and be accepted in routine clinical practice.
PATIENTS AND METHODS

Patients
This study was approved by the independent ethics committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology. All patients for liver transplantation have completed the China Organ Transplant Response System registration process. From January 2011 to January 2014, a total of 57 recipients without cardiac or kidney dysfunction, who had undergone OLT in our hospital, were recruited with written informed consent. Among the 57 patients, 56 received full-size OLT and 1 received split-liver (right) OLT. The mean age of these patients was 45.82 AE 10.88 years; 47 were men and 10 were women. The indications for LT were cirrhosis 30 (52.63%) including hepatitis B in 20 patients, hepatitis C in 3, autoimmune hepatitis in 4, primary biliary cirrhosis in 1, schistosomiasis in 2, and primary liver tumors 27 mainly related to hepatocellular carcinoma (HCC) (45.62%). The patient characteristics and transplant information are summarized in Table 1 .
METHODS
Serology Tests
Blood liver function tests were performed to measure biochemical parameters 1-day pre-HBS scan. Values of posttransplant aspartate aminotransferase (AST), alanine aminotransferase (ALT), albumin (ALB), total bilirubin (TBIL), direct bilirubin (DBIL), alkaline phosphates (ALP), and gamma-glutamyl transferase (g-GGT) were included. The relationships between data of quantitative HBS and the postoperative biochemical parameters were then analyzed.
Hepatobiliary Scintigraphy (HBS)
Hepatobiliary scans were performed on all recipients during the postoperative period (median interval time 30 days). Sequential anterior images were acquired directly after intravenous injection of 370 MBq Tc-99m-diethyl-iminodiacetic acid (EHIDA) using a low energy, high-resolution dual-head collimator (Infinia Hawkeye, GE Healthcare Technologies). The field of view included the heart, the liver, and the upper abdomen. Data were acquired at a rate of 1 frame per 60 s over 60 min using a 128 Â 128 matrix. Then delayed static images for 5 min in a 256 Â 256 matrix were acquired at 1 h, 2 h, and if needed at 4 h and 24 h after injection.
All images were analyzed by a nuclear medicine physician who was unaware of the patients' clinical scenarios and presentations. Three HBS parameters including hepatocyte extraction fraction (HEF), the time to maximum hepatic radioactivity (T max ) and the time required for peak activity to decrease by 50% (T 1/2 ) were used for quantitative evaluation of the HBS images. First, a region of interest (ROI) was drawn over the left ventricle of the heart ($50 pixels) excluding the aorta and scatter from the liver. A second ROI was drawn over the right lobe of the liver ($50-80 pixels) with minimal inclusion of biliary activity. Time-activity curves were generated and then HEF values were calculated using a deconvolution method previously described. 11 Second, a hepatic-ROI ($10-15 pixels) was drawn over the right upper lobe of graft live from which the time-activity curve was generated; the T max and T 1/2 values can be obtained from the curve. Finally, the scintigraphic imaging patterns were classified into 4 groups as follows. [10] [11] Normal: normal extraction of radiotracer (HEF>90%) and excretion into the biliary tract and bowel (5 min T max 15 min and T 1/2 <60 min).
Graft dysfunction: markedly low extraction and excretion of radiotracer (HEF<50% and T max <15 min).
Biliary stricture: delayed excretion of radiotracer into the biliary tract and bowel (T max > 15 min and T 1/2 > 60 min).
Bile leakage: unusual radiotracer collection outside the hepatobiliary passage, which increases with time.
Reference Standards
The final diagnosis of graft rejection was confirmed by liver biopsy within 1 week after HBS scan. The determination of biliary complications was on the basis of percutaneous transhepatic cholangiography (PTC), magnetic resonance 
Statistical Analysis
Quantitative HBS parameters between groups according to the final diagnosis were compared by analysis of variance (ANOVA) and multiple comparison tests. Receiver operating characteristic curve (ROC) analysis was performed to identify the cutoff value of T max for diagnosis of post-transplant biliary stricture. Correlation between data of quantitative HBS and the postoperative biochemical parameters in recipients were tested using the Pearson and Spearman correlation coefficient.
RESULTS
Five cases were excluded because of imaging artifacts induced by patients' motion during the dynamic scan. Thus, a total of 62 HBS scans carried out on 52 patients after OLT were finally included for analysis. Postoperative biochemical parameters and data of quantitative HBS are shown in Table 2 . Of the 62 HBS scans, 19 (30.65%) of the studies in 16 patients were abnormal including 3 scans of hepatocyte dysfunction, 15 of biliary stricture, and 1 of bile leakage. The clinical evaluation and quantitative HBS diagnosis of the 62 scans in 52 patients are summarized in Table 3 . Graft rejection was diagnosed in 4 patients (76.92%) by liver biopsy. Additionally, biliary strictures in 12 patients (19.23%, 12 scans) and biliary leakage in 1 patient (1.92%) were confirmed by MRCP and PTC, respectively.
In the 43 normal studies without graft liver dysfunction and biliary complications, 42 (93.33%) of the scans had true negative HBS finding. There was 1 instance of false-negative HBS with normal HEF and T max values; the result of liver pathology in this case showed mild acute rejection. All 3 scans of hepatocyte dysfunction were true positives with graft rejection confirmed by liver biopsy. The detection of biliary stricture in 12 patients was a true positive finding in 12/15 studies and a false positive in 3 scans. In 2/3 of the false positive HBS cases, there was evidence of biliary strictures by MRCP during the second HBS scan. Follow-up of these 12 patients showed recovery in 11 following endoscopic therapy, the remaining 1 patient undergone re-transplantation because of graft failure.
The biopsy, radiological diagnosis (PTC, ERCP, MRCP), or clinical follow-up were taken as reference standards to calculate the sensitivity, specificity, and accuracy of quantitative HBS for evaluating hepatocyte dysfunction and biliary complication in patients who had undergone OLT. The overall sensitivity of quantitative 99m Tc-EHIDA HBS for detection of post-transplant biliary stricture was 100% (12/12), and the specificity was 94% (47/50). Quantitative HBS had an overall sensitivity of 94.12% (16/17), specificity of 93.33% (42/45), and diagnostic accuracy of 93.55% (58/62) for assessing hepatocyte dysfunction and biliary complication in liver transplant recipients.
The HEF value of HBS was markedly lower in patients with graft rejection (Table 4) . However, there was a wide range of HEF, 9.75-95.96% and 44.65-100%, in patients with rejection and biliary stricture, respectively ( Figure 1A ). The T max values in patients with biliary strictures were significantly prolonged and could be discriminatory from the normal patients and patients with rejection (P < 0.001) ( Figure 1B) . The recommended cutoff value of T max for diagnosis of post-transplant biliary stricture was set at 15.75 min with a sensitivity of 100.0%, and a specificity of 94.0% (Figure 2 ). When T max value was set at 23.0 min, the sensitivity was 66.7%, and the specificity was 100%.
Pearson and Spearman Correlation revealed that the HEF value positively correlated with the postoperative albumin (r ¼ 0.269; n ¼ 62), whereas, it negatively correlated with the ALT (r ¼ 0.262; n ¼ 62), AST (r ¼ 0.264; n ¼ 62), total bilirubin (r ¼ 0.877; n ¼ 62), and direct bilirubin (r ¼ 0.874; n ¼ 62). T max value was negatively correlated with the albumin (r ¼ 0.259; n ¼ 62), total bilirubin (r ¼ 0.272; n ¼ 62), and direct bilirubin (r ¼ 0.261; n ¼ 62). There was a positive correlation between the T max and alkaline phosphatase (r ¼ 0.275; n ¼ 62) (Table 5) .
DISSCUSSION
Although improved survival rates have been achieved due to better organ selection and advances in surgical techniques, each LT recipient may experience a few challenges that might lead to graft failure during the post-transplant period. 12 Hepatocyte dysfunction due to graft rejection and biliary complications is the frequent cause of post-transplant morbidity and mortality. Therefore, close postoperative follow-up using various monitoring modalities for early diagnosis of transplant dysfunction are of high importance with respect to patient outcome.
Hepatobiliary scintigraphy has been used as an important noninvasive imaging modality for determining the functional performance of graft liver and the biliary tract. 13 Previous studies focused primarily on the visual information of HBS imaging for assessment of graft function and post-transplant biliary complications in recipients, resulting in an unsatisfied sensitivity as low as 56.2%. 7 Although various quantitative HBS techniques, such as curve-based 14 deconvolution analysis 15 or in combination with tracer kinetic modeling 16 have been subsequently introduced for better assessment of hepatic function, the effectiveness of quantitative HBS for monitoring hepatocyte dysfunction and posttransplant biliary complications is not quite clear. In this study, we determined HEF, T max , and T 1/2 for quantitative evaluation of dynamic HBS after LT. The scintigraphic diagnosis of hepatocyte dysfunction and biliary stricture was based on these 3 parameters. Our results show that the quantitative HBS is of high accuracy (93.55%) detecting graft dysfunction and biliary complications after OLT. This suggests that quantification of HEF, T max , and T 1/ 2 values from dynamic HBS can be a more reliable method for monitoring the functional status of the graft liver and biliary tract.
Biliary stricture was the most common postoperative complication that occurred in 12 patients (23.08%) in our study. From the perspective of clinical practice, biliary complications were once considered the technical ''Achilles heel'' of OLT and still occur in 10% to 30% following whole-organ OLT. 17 Since late biliary complications several months to years after grafting are usually caused by recurrence of early post-transplant complications or those failed to completely resolve, an accurate and timely diagnosis of biliary complications post LT is important in guiding appropriate surgical or medical therapy. 18 In our study, the sensitivity and specificity of HBS for diagnosis of post-transplant biliary stricture were 100% and 94%, respectively. This suggests that quantitative HBS is a very helpful test for detecting biliary stricture. Moreover, according to the results of the present study, the group of patients with biliary stricture had significantly prolonged T max values in comparison with the normal recipients and patients with graft rejection (P < 0.01). These results were of considerable interest, because the T max value of HBS could seemingly distinguish patients with or without biliary stricture after LT. Thus, we performed an ROC curve analysis for the 2 categories. The recommended cutoff value of T max for diagnosis of post-transplant biliary stricture was set at 15.75 min with a sensitivity of 100.0%, and a specificity of 94.0%. In the 15 studies with biliary stricture, 12 were true positives. On the other hand, in 2/3 of the false positive HBS with no clinical symptoms, there was evidence of biliary strictures by MRCP following the second HBS scan. This suggests that findings of the 2 studies revealed initial phase of biliary stricture. Although there is no accurate method to determine the functional significance of bile strictures after liver transplantation and although endoscopic therapy is the first-line treatment in patients with extra-hepatic bile duct strictures, there is no quantitative method to monitor the treatment response. The quantification of HEF, T max , and T 1/2 values was a decisionsupport methodology for the complex clinical decisions, although T 1/2 values went beyond 60 min and could not be reached in a subset of patients. The HEF value focuses on the degrees of hepatocyte dysfunction and/or cholestasis. 9 Both groups with rejection and biliary stricture showed impairment of HEF presumably reflecting hepatocellular dysfunction at the time of the study. Another remarkable finding in the present study was that 3 of 12 patients, who had biliary stricture on HBS scans, had a normal HEF on the first scan. By contrast, with prolonged biliary strictures, concomitant hepatocellular dysfunction occurred, and reduced HEF could be seen on the follow-up scan (Figure 3) . Finally, among the 12 patients with biliary stricture, 11 with mild hepatocellular damage (HEF>65%) showed recovery following endoscopic therapy, whereas the remaining 1 patient with significant liver damage (HEF ¼ 44.65%) received a second liver transplant as a salvage therapy. Therefore, such quantitative information about the degree of biliary stricture is essential and has a great impact on surgical decision-making in post-transplantation period.
Biliary leaks may arise from the anastomosis, the cystic duct, or T-tube. 19 Because clinical signs and symptoms of bile leaks are nonspecific in immune-suppressed recipients and delay in the recognition of bile leaks is associated with high morbidity and mortality rates, imaging is crucial for establishing an early diagnosis and determining appropriate treatment. In the post-LT patient, a fluid collection demonstrated by anatomic imaging studies is often a nonspecific finding. Hepatobiliary scintigraphy as a functional imaging modality plays an important role in not only definitive confirmation that such fluid is of biliary origin, but also in localizing active leakage and evaluating the rate of leakage. 20 In our study, biliary leakage comprised only 1.92% of the complications. The extremely low proportion of biliary leakage reflects its low incidence as a post-LT complication in our institute. Based on amount and rate of tracer observed outside the anastomosis, we classified the bile leaks as small. Then, following internal biliary drainage, the patient showed smooth recovery.
Rejection is the immunological attack by the host on the graft, and the mechanisms of rejection of liver transplants may differ in degrees and cellular and/or humoral involvement. 21 The typical pathological features of liver allograft rejection include portal inflammation, bile duct inflammation, and venous inflammation. The differential diagnosis of rejection from post-transplant biliary complications is often challenging as early symptoms of both conditions are nonspecific and can cause a cholestatic pattern of liver enzyme elevation. A few studies have addressed the fact that the distinction between rejection and biliary complications was difficult by means of HBS, because certain patients with rejection and hyperbilirubinemia showed results of total biliary obstruction on visionbased HBS scintigraphy. 6 However, a more recent published study by Lee et al suggested that PPI values derived from dynamic HBS could help discern rejection and distinguish rejection from biliary obstruction or recurrent hepatitis. 22 Another study by Krishnamurthy et al indicated that the quantitative analysis of HBS method may possess practical value in separating severe hepatocyte disease from biliary tract disease. 23 Our research focused on the quantitative parameters of HEF, T max , and T 1/2 for evaluation of the liver graft function. As is shown in Table 3 , graft rejection was confirmed in patients with hepatocyte dysfunction in all 3 studies. One case with acute cellular rejection and 1 with acute humoral rejection showed significantly reduced HEF and T max value on HBS imaging. Besides, the third patient, who showed moderate reduced HEF and T max value was confirmed mild chronic rejection. This suggests that HEF combined with T max and T 1/2 value have certain value for identifying graft rejection and differentiating it from biliary complications. Notably there was 1 instance of false-negative HBS with normal data on HBS. The patient had no clinical symptoms or signs of graft dysfunction; however, the result of liver pathology showed mild acute rejection. In some centers, protocol biopsies were suggested for detection of the so-called subclinical acute rejection. However, protocol biopsy does not often make cost-effective assessments of subclinical acute rejection because the number of such patients is small. According to our experience, as histological findings are overlapped or even inconclusive for certain patients with graft rejection, it is important to review prior biopsies combined with laboratory, radiological, and clinical findings. Although there is no ''reference standard'', in our opinion, reduced values of HEF and T max derived from dynamic HBS can be a useful diagnostic indicator of graft dysfunction caused by rejection.
Our study demonstrated a good correlation between the data of scintigraphic and biochemical parameters after transplantation. Only albumin positively correlated with postoperative HEF. ALT, AST, total bilirubin, and direct bilirubin were negatively correlated with postoperative HEF. Kansoul et al have shown similar results indicating that high HEF is correlated with long-term patient survival. 24 Performing the blood liver function test and HBS scan on liver transplant recipients at a reasonable time outside the recommended time windows of ischemia reperfusion damage ($1-2 weeks) gave our study greater advantage compared with other reports that focused on the peritransplant period. Moreover, there was a negatively correlation between T max and albumin, total bilirubin, and direct bilirubin. These findings strongly support HEF, T max , and T 1/2 as a metric of hepatobiliary function and as a valuable indicator of transplant dysfunction caused by rejection and biliary stricture.
The main goal of this prospective study was to assess the performance of quantitative HBS scan for monitoring hepatocyte dysfunction and biliary complication in patients who had undergone OLT. The results revealed a high diagnostic accuracy (93.55%) of quantitative 99m Tc-EHIDA HBS for detecting graft dysfunction and biliary complication in liver transplant recipients. The reliability of diagnosing graft dysfunction and biliary stricture was improved by using quantitative analysis of scintigraphic data. This suggests that values of HEF and T max , indexes of hepatic uptake and excretion, can be valuable diagnostic indicators of transplant dysfunction caused by graft rejection and biliary complication. More importantly, the T max value of HBS was able to distinguish between patients with and without biliary stricture after OLT. As such, a recommended cutoff value of T max for diagnosis of post-transplant biliary stricture was set at 15.75 min with a sensitivity of 100.0%, and a specificity of 94.0%. At the same time, we identified a good correlation between scintigraphic and conventional liver function parameters after transplantation suggesting that the HEF and T max derived from HBS imaging are valuable indices for assessing the functional performance of the graft and biliary tract.
The present study also has a couple of limitations. First, the small number of patients with positive findings warrants further studies with a larger number of cases. Secondly, the hepatic 99m Tc-EHIDA uptake can be influenced by hyperbilirubinemia to some extent in a few cases. It is therefore important to tailor the study to individual patients taking account of the clinical scenarios and presentations.
CONCLUSION
Quantitative
99m Tc-EHIDA HBS offers a noninvasive imaging modality with high sensitivity and specificity to diagnose hepatocyte dysfunction as well as distinguish between patients with or without biliary stricture following liver transplantation. Furthermore, HEF and T max values obtained from dynamic HBS show good correlation with conventional liver function parameters.
